Cobamides, such as adenosylcobalamin (AdoCbl, coenzyme B 12 ), are a group of complex cobalt-containing cyclic tetrapyrrole cofactors whose biosynthesis by bacteria and archaea requires substantial genetic information (Ͼ25 genes) (reviewed in references 25, 47, and 56) . Two pathways for the de novo synthesis of the corrin ring have been described on the basis of the timing of cobalt insertion into the ring. The late cobalt insertion or aerobic pathway has been well studied in Pseudomonas denitrificans (9) , while the early cobalt insertion or anaerobic pathway has been best studied in Salmonella enterica serovar Typhimurium LT2 (25) . Many organisms, including those that synthesize AdoCbl de novo, salvage incomplete corrinoids (e.g., cobinamide [Cbi] ) from their environments and use them as precursors for the synthesis of complete cobamide cofactors. Cbi is not an intermediate of the de novo AdoCbl biosynthesis pathway but can be converted into one by a process known as Cbi salvaging ( Fig. 1) (24) .
The first step of Cbi salvaging is adenosylation of the molecule to adenosylcobinamide (AdoCbi) (24) . The adenosyltransferases which catalyze this reaction are broadly distributed throughout the three domains of life (13, 14, 20, 32, 38) . Two distinct pathways for converting AdoCbi into an intermediate of the de novo AdoCbl biosynthesis pathway have been described for prokaryotes. One, which is to date found only in bacteria, relies on a bifunctional nucleoside triphosphate (NTP):AdoCbi kinase (EC 2.7.7.62), GTP:AdoCbi-phosphate (AdoCbi-P) guanylyltransferase (EC 2.7.1.156) enzyme (called CobP in P. denitrificans and CobU in S. Typhimurium), which phosphorylates AdoCbi to AdoCbi-P and converts AdoCbi-P to AdoCbi-GDP (10, 41, 55) .
Previous work from our laboratory has shown that archaea lack the bifunctional NTP:AdoCbi kinase, GTP:AdoCbi-P guanylyltransferase enzyme and rely on a second pathway for Cbi salvaging (54, 62) . In this pathway, AdoCbi is converted to adenosylcobyric acid (AdoCby) by an AdoCbi amidohydrolase (EC 3.5.1.90) known as CbiZ (58, 59, 62) . The conversion of AdoCbi-P to AdoCbi-GDP for de novo AdoCbl biosynthesis in archaea is catalyzed by a monofunctional GTP:AdoCbi-P guanylyltransferase (EC 2.7.7.62) called CobY (54, 60) , which has not been found in any bacterium.
We recently showed that a small percentage of bacterial genomes encode orthologs of both CobP-type and CbiZ-type Cbi salvaging enzymes, raising the question of why these organisms might contain two redundant Cbi salvaging systems (29) . A phylogenetic analysis showed that CbiZ has its roots in the archaea and that the cbiZ gene was acquired by several bacterial lineages via horizontal gene transfer.
We previously showed that the CbiZ and CobP enzymes from the photosynthetic alphaproteobacterium Rhodobacter sphaeroides are functional in vitro and in vivo in a heterologous complementation system (29) . However, the question of how the two Cbi salvaging systems might function in R. sphaeroides remained unresolved.
In this paper, we show that R. sphaeroides 2.4.1 synthesizes substantial amounts of cobalamin (Cbl) and that it salvages incomplete corrinoids from its environment. We present in vivo genetic evidence that both the bacterial-type CobP-dependent and archaeal-type CbiZ-dependent Cbi salvaging pathways are functional in this organism. This work represents the first in vivo genetic analysis of coenzyme B 12 synthesis and salvaging in R. sphaeroides.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All strains and plasmids used in this study are listed in Table 1 . All R. sphaeroides strains were derived from wild-type strain 2.4.1 (17) . R. sphaeroides was grown at 30°C in Sistrom's medium A (52) lacking glutamate and aspartate and supplemented with 1 mg liter Ϫ1 CoCl 2 ; hereafter, this modified Sistrom's medium is referred to as mSistrom's medium. Potassium succinate (30 mM) or potassium acetate (30 mM) was added as the sole carbon source. Escherichia coli was grown at 37°C in lysogenic broth (Difco) (7, 8) . S. Typhimurium strains were derived from strain TR6583 (metE205 ara-9). S. Typhimurium was grown at 37°C in nutrient broth (NB) (Difco) or no-carbon E minimal medium (NCE) (6), containing MgSO 4 (1 mM), glycerol (22 mM), and trace minerals (4).
For growth curves of R. sphaeroides, starter cultures were grown aerobically for 2 days in mSistrom's medium containing succinate and appropriate antibiotics. The cells were rinsed twice with sterile mSistrom's medium containing no carbon and were used to inoculate fresh medium (5% [vol/vol] inoculum). For the photoheterotrophic growth of R. sphaeroides, starter cultures were grown aerobically for 2 days in mSistrom's medium containing succinate and appropriate antibiotics. The cells were rinsed twice with sterile mSistrom's medium containing no carbon and were used to inoculate fresh medium (1% [vol/vol] inoculum) in airtight bottles with minimal headspace. The cultures were incubated for 3 days at 30°C with light with no shaking. For growth curves of S. Typhimurium, starter cultures were grown aerobically overnight in NB containing appropriate antibiotics and were used to inoculate fresh medium (0.5% or 5% [vol/vol] inoculum, as indicated in the legends of Fig. 2 and S2 ). Aerobic growth curves were obtained using a PowerWave XS microplate reader (Bio-Tek Instruments). When used, ampicillin was at 100 g ml Ϫ1 , kanamycin at 10 g ml Ϫ1 , tetracycline was at 12.5 g ml Ϫ1 (for E. coli and S. Typhimurium) or 1 g ml Ϫ1 (for R. sphaeroides), and spectinomycin was at 100 g ml Ϫ1 (for E. coli) or 50 g ml Ϫ1 (for R. sphaeroides). Dicyanocobyric acid [(CN) 2 Cby] was a gift from Paul Renz (Institut für Biologische Chemie und Ernährungswissenschaft, Universität-Hohenheim, Stuttgart, Germany). All other chemicals were purchased from Sigma. Genetic and molecular techniques. DNA manipulations were performed using previously described methods (3). Restriction and modification enzymes were purchased from Fermentas (Ontario, Canada) and were used according to the manufacturer's instructions. All DNA manipulations were performed with E. coli DH5␣ (45, 57) . Plasmid DNA was isolated with the Wizard Plus SV plasmid miniprep kit (Promega). The PCR products were purified with the Wizard SV gel and PCR clean-up system kit (Promega). DNA sequencing reactions were performed using nonradioactive BigDye protocols (ABI Prism; Applied Biosystems) and resolved at the Biotechnology Center of the University of Wisconsin, Madison, WI. The plasmids derived from plasmids pRK404 (19) and pK18mobsacB (48) were conjugated into R. sphaeroides as described previously (37) .
Sequence analysis. Computer analyses of the DNA and protein sequences were done using the Integrated Microbial Genomes system (38) and tools available from the National Center for Biotechnology Information (http://www.ncbi .nlm.nih.gov/).
Construction of the R. sphaeroides ⌬cbiZ mutant. The sequences of all the primers used in this work can be found in Table S1 (supplemental material) . Primers Rs_⌬cbiZ_EcoRI_5Ј and Rs_⌬cbiZ_XbaI_3Ј were used to amplify a 1,569-bp fragment of R. sphaeroides chromosomal DNA containing 69 bp of the 5Ј end of cbiZ (locus tag RSP_2406) and 1,500 bp of upstream sequence. This fragment was cloned into the EcoRI and XbaI sites of plasmid pK18mobsacB to yield plasmid pRsCBIZ4. Primers Rs_⌬cbiZ_XbaI_5Ј and Rs_⌬cbiZ_SalI_3Ј were used to amplify a 1,551-bp fragment of R. sphaeroides chromosomal DNA containing 48 plasmid pRsCBIZ5, which contained an in-frame deletion of cbiZ that removed bp 70 to 610 and created a 6-bp XbaI restriction site. The hypothetical gene product encoded by this ⌬cbiZ allele would be a 41-amino-acid (aa) peptide. Plasmid pRsCBIZ5 was conjugated into wild-type R. sphaeroides, and the resulting mixed culture plated on mSistrom's agar containing cyanocobalamin (CNCbl, 1 M) and kanamycin. A kanamycin-resistant transconjugant was picked, inoculated into 50 ml of mSistrom's broth containing potassium succinate (30 mM) and CNCbl (1 M), and grown 3 days at 30°C with shaking. This culture was subcultured into 0.5 liter of mSistrom's broth containing potassium succinate (30 mM), CNCbl (1 M), and sucrose (10%, wt/vol) and incubated 3 days at 30°C with light without shaking. This culture was diluted and plated on mSistrom's agar containing potassium succinate (30 mM) and CNCbl (1 M) and incubated 3 days at 30°C. The resulting colonies were screened for kanamycin-sensitive variants on mSistrom's agar plates containing potassium succinate (30 mM) and CNCbl (1 M). The presence of the in-frame deletion of cbiZ was confirmed after amplification and sequencing of the cbiZ region using primers Rs_cbi-Z_seq_F and Rs_cbiZ_seq_R.
Construction of the R. sphaeroides ⌬cobB mutant. Primers Rs_⌬cobB_ EcoRI_5Ј and Rs_⌬cobB_BamHI_3Ј were used to amplify a 1,498-bp fragment of R. sphaeroides chromosomal DNA containing 9 bp of the 5Ј end of cobB (locus tag RSP_3185) and 1,489 bp of upstream sequence. This fragment was cloned into the EcoRI and BamHI sites of plasmid pK18mobsacB to yield plasmid pRsCOBB1. Primers Rs_⌬cobB_BamHI_5Ј and Rs_⌬cobB_XbaI_3Ј were used to amplify a 1,517-bp fragment of R. sphaeroides chromosomal DNA containing 21 bp of the 3Ј end of cobB and 1,496 bp of downstream sequence. This fragment was cloned into the BamHI and XbaI sites of pRsCOBB1 to yield plasmid pRsCOBB2, which contained an in-frame deletion that removed bp 10 to 1,302 and introduced a 6-bp BamHI restriction site. The hypothetical gene product encoded by this ⌬cobB allele would be a 12-aa peptide.
Plasmid pRsCOBB2 was conjugated into the wild-type and ⌬cbiZ R. sphaeroides strains, and the mutants were isolated as described above for the construction of ⌬cbiZ. The presence of the in-frame deletion of cobB was confirmed by amplifying and sequencing the cobB region using primers Rs_cobB_seq_F and Rs_cobB_seq_R.
Construction of R. sphaeroides cobD strains. Primers Rs_⌬cobD_XbaI_5Ј and Rs_⌬cobB_PstI_3Ј were used to amplify a 1,486-bp fragment of R. sphaeroides chromosomal DNA containing 9 bp of the 5Ј end of cobD (locus tag RSP_0430) and 1,477 bp of upstream sequence. This fragment was cloned into the XbaI and PstI sites of plasmid pK18mobsacB to yield plasmid pRsCOBD1. Primers Rs_⌬cobD_PstI_5Ј and Rs_⌬cobD_HindIII_3Ј were used to amplify a 1,503-bp fragment of R. sphaeroides chromosomal DNA containing 21 bp of the 3Ј end of cobD and 1,482 bp of downstream sequence. This fragment was cloned into the PstI and HindIII sites of pRsCOBD1 to yield plasmid pRsCOBD3, which contained an in-frame deletion of cobD that removed bp 10 to 912 and introduced a 6-bp PstI restriction site. The hypothetical gene product encoded by this ⌬cobD allele would be a 12-aa peptide.
We replaced cobD with a spectinomycin resistance marker by cutting plasmid pSRA2 (26) with PstI to release the aadA ϩ gene encoding spectinomycin resistance. The DNA fragment containing the aad ϩ gene was gel purified using commercially available kits (Promega) and cloned into the PstI site of pRsCOBD3 to yield pRsCOBD4.
Plasmid pRsCOBD3 was conjugated into the R. sphaeroides ⌬cobB strain, and mutants were isolated as described above for the construction of ⌬cbiZ. Plasmid pRsCOBD4 was conjugated into R. sphaeroides ⌬cobB ⌬cbiZ, and the resulting strain was inoculated into 150 ml of mSistrom's medium containing potassium succinate (30 mM), CNCbl (50 nM), sucrose (10%, wt/vol), and spectinomycin and incubated 3 days at 30°C with light without shaking. After incubation, the cultures were diluted and plated on mSistrom's agar containing potassium succinate (30 mM), CNCbl (15 nM), and spectinomycin and incubated 3 days at 30°C in the dark. The colonies exposed to sucrose were screened for spectinomycin-resistant, kanamycin-sensitive variants on mSistrom's agar plates containing potassium succinate (30 mM) and CNCbl (1 M). We confirmed the presence of mutant alleles of cobD in strains of interest by amplifying and sequencing the cobD region using primers Rs_cobD_seq_F and Rs_cobD_seq_R.
Construction of the R. sphaeroides ⌬cobP mutant. Primers Rs_⌬cobP_EcoRI_ 5Ј and Rs_⌬cobP_XbaI_3Ј were used to amplify a 1,502-bp fragment of R. sphaeroides chromosomal DNA containing 27 bp of the 5Ј end of cobP (locus tag RSP_0602) and 1,475 bp of upstream sequence. This fragment was cloned into the EcoRI and XbaI sites of plasmid pK18mobsacB to yield plasmid pRsCOBP5. Primers Rs_⌬cobP_XbaI_5Ј and Rs_⌬cobP_SalI_3Ј were used to amplify a 1,545-bp fragment of R. sphaeroides chromosomal DNA containing 42 bp of the 3Ј end of cobP and 1,543 bp of downstream sequence. This fragment was cloned into the XbaI and SalI sites of pRsCOBP5 to yield plasmid pRsCOBP7, which contained an in-frame deletion of cobP that removed bp 28 to 510 and introduced a 6-bp XbaI restriction site. The hypothetical gene product encoded by this ⌬cobP allele would be a 25-aa peptide.
Plasmid pRsCOBP7 was conjugated into the wild-type, ⌬cbiZ, ⌬cobB, ⌬cobB ⌬cbiZ, and ⌬cobB ⌬cobD R. sphaeroides strains, and cobP derivatives of these strains were isolated as described above for the construction of the ⌬cbiZ mutant. The presence of the in-frame deletion of cobP was confirmed by amplifying and sequencing the cobP region using primers Rs_cobP_seq_F and Rs_cobP_seq_R.
Construction of the cobY ؉ plasmid. The Methanosarcina mazei cobY ϩ coding sequence was amplified using primers Mm_cobY_BamHI_5Ј and Mm_cobY_ BamHI_3Ј, and the resulting product was cloned into pGEM-T Easy (Promega), according to the manufacturer's instructions. The cobY ϩ coding sequence was excised from pGEM-T Easy with BamHI and was ligated into the BamHI site of plasmid pRK404 to yield plasmid pCOBY47. We confirmed that cobY ϩ was in the correct orientation by sequencing with primers pRK404_seq_F and pRK404_seq_R.
Construction of the cobD ؉ plasmid. The R. sphaeroides cobD ϩ coding sequence plus 37 bp of the 5Ј sequence was amplified using primers Rs_cobD_ HindIII_5Ј and Rs_cobD_PstI_3Ј, and the resulting product was cloned into the HindIII and PstI sites of plasmid pRK404 to yield plasmid pRsCOBD2. The identity of the insert was confirmed by sequencing with primers pRK404_seq_F and pRK404_seq_R.
Preparation of cyanopseudocobalamin (CNpseudoCbl). When grown on 1,2-propanediol, S. Typhimurium does not synthesize Cbl but rather synthesizes the Cbl analog pseudoCbl, which contains an adenine moiety in place of the 5,6-dimethylbenzimidazole lower ligand of Cbl (2) . S. Typhimurium strain TR6583 (metE205 ara-9) was grown overnight in 30 ml NB broth at 37°C with shaking. This culture was used to inoculate 6 liters of NCE minimal medium containing glycerol (10 mM), 1,2-propanediol (80 mM), MgSO 4 (1 mM), dicyanocobinamide [(CN) 2 Cbi] (1 M), and trace minerals (4) and incubated overnight at 37°C with shaking. Cells were harvested by centrifugation using a BeckmanCoulter Avanti J-25I centrifuge (15 min at 5,000 ϫ g at 4°C). Corrinoids were extracted by resuspending the cell pellets in 2 volumes of methanol and shaking (200 rpm) for 2 h at 55°C (61) . Cell debris was removed by centrifugation (2 h at 40,000 ϫ g at 4°C), and the supernatants were dried under vacuum using a Savant concentrator (Thermo), resuspended in distilled H 2 O, and desalted with a 1-ml C 18 Sep-Pak cartridge (Waters). The cartridge was washed with 40 ml distilled H 2 O, and corrinoids were eluted with methanol, dried under vacuum, and resuspended in 275 l of potassium phosphate buffer (0.1 M, pH 6.5) containing KCN (10 mM). Cyano corrinoids were obtained after exposure to bright light for 30 min, followed by filtration using Corning 0.2-m Spin-X centrifuge filters.
Corrinoids were resolved using a Beckman Coulter System Gold 126 highpressure liquid chromatography (HPLC) system equipped with a 150-by 4.6-mm Alltima HP C 18 AQ column (Alltech). The column was developed with the slightly modified system I of Blanche et al. (11) ; corrinoids were detected with a photodiode array detector. The column was equilibrated at 1 ml min Ϫ1 with 85% solvent A (0.1 M potassium phosphate buffer [pH 6.5] plus 10 mM KCN) and 15% solvent B (50 mM potassium phosphate buffer [pH 8] plus 5 mM KCN, 50% acetonitrile). The column was developed, starting 2 min after injection, with a 48-min linear gradient to 40% solvent B. A second linear gradient developed the column to 100% solvent B over 16 min. A compound that eluted 27 min after injection was collected, dried under vacuum, resuspended in distilled H 2 O, and desalted with a 1-ml C 18 Sep-Pak cartridge (Waters). The cartridge was washed with 40 ml distilled H 2 O, and CNpseudoCbl was eluted with methanol, dried under vacuum, and resuspended in 0.25 ml distilled H 2 O. The quantity of CNpseudoCbl purified was estimated at 420 nmol by comparison of A 367 values to a standard curve of (CN) 2 Cbi (data not shown).
Corrinoid extraction and purification. R. sphaeroides 2.4.1 was grown aerobically for 3 days in mSistrom's broth with 30 mM potassium succinate or potassium acetate. CFU were quantified by plating serial dilutions of cultures in triplicate on mSistrom's agar containing potassium succinate (30 mM). Cells were harvested and corrinoids were extracted as described above. Cell debris was removed by centrifugation (2 h at 40,000 ϫ g at 4°C), and the supernatants were dried under vacuum and then resuspended in 1 ml of 0.1 M potassium phosphate buffer (pH 6.5) containing 10 mM KCN. Corrinoids were converted from their naturally occurring methyl-, hydroxy-, or adenosylated forms to their cyano forms by exposure to bright light for 30 min.
Corrinoids were separated by HPLC as described above. The column was equilibrated at 1 ml min Ϫ1 with 98% solvent A and 2% solvent B. The column was developed, starting 5 min after injection, with a 55-min linear gradient to 100% solvent B. Authentic (CN) 2 Cby, (CN) 2 Cbi, CNpseudoCbl, and CNCbl were used as standards and eluted at 21.6, 26.3, 25, and 28 to 32 min, respectively. The fractions were collected, dried under vacuum, and resuspended in 250 l distilled H 2 O.
Corrinoid analysis. The identity and quantity of the cobamides produced by R. sphaeroides were assessed by a bioassay using S. Typhimurium strain JE8248 (⌬cobS) as an indicator strain. In strain JE8248, the last step of Cbl synthesis is blocked, making growth dependent on the presence of exogenous cobamides (42) . The growth of strain JE8248 indicated the presence of Cbl or another cobamide in the extract. We inoculated JE8248 (0.5%, vol/vol) into NCE minimal medium containing glycerol (11 mM), MgSO 4 (1 mM), trace minerals (4), and concentrations of CNCbl between 25 and 250 pM. Growth kinetics under aerobic conditions at 37°C were monitored at 650 nm (data not shown). The slopes of the growth curves between 6 and 8 h (early exponential phase) were plotted against the concentrations of CNCbl in the medium, and a best-fit line was drawn (Fig. 2) . JE8248 was grown in medium supplemented with fractions collected from HPLC separations, and the concentration of cobamides in these samples was calculated using the equation of the standard curve obtained with 
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AdoCbl biosynthesis (56) (see Fig. S1 and Table S2 in the supplemental material). Therefore, in this paper, we use the P. denitrificans nomenclature for AdoCbl biosynthesis genes to refer to the cognate R. sphaeroides genes. Two of the predicted AdoCbl biosynthesis genes, putatively encoding 5,6-dimethylbenzimidazole (DMB) synthase (BluB) and hydrogenobyrinic acid a,c-diamide synthase (CobB), were located on chromosome 2, but the rest were found in nine loci on chromosome 1. Interestingly, the genome of R. sphaeroides 2.4.1 lacks a recognizable monooxygenase (such as CobG [49, 50] or CobZ [39] ) of the type required for corrin ring contraction in other AdoCbl-synthesizing organisms. Previous studies have reported that various strains of R. sphaeroides synthesized AdoCbl (16, 21, 30) , but none of these studies looked specifically at corrinoid production by strain 2.4.1. We used a combined HPLC and quantitative bioassay procedure to determine the identity and quantity of cobamides produced by R. sphaeroides 2.4.1. (Fig. 2 and 3.) R. sphaeroides 2.4.1 was grown aerobically or photoheterotrophically in mSistrom's medium containing succinate or acetate (30 mM each). Stationary-phase cultures of R. sphaeroides grown aerobically on succinate or acetate contained an average of 3.3 ϫ 10 9 and 1.2 ϫ 10 9 CFU per ml, respectively. Stationary-phase cultures of R. sphaeroides grown photoheterotrophically on succinate or acetate contained an average of 3.2 ϫ 10 9 and 5.2 ϫ 10 8 CFU per ml, respectively. Corrinoids were extracted from R. sphaeroides cultures, converted to their cyano forms, and resolved by reversed-phase (RP)-HPLC. Substantial amounts of pigments were present in the cell extracts. To ensure that none of these compounds prevented the detection of cobamides, fractions collected from the separated extracts were diluted and tested for the ability to allow the growth of S. Typhimurium strain JE8248 (⌬cobS), which lacks Cbl (5Ј-P) synthase, and is therefore a cobamide auxotroph (42) . S. Typhimurium is known to be able to use cobamides with a variety of lower ligands, including DMB (34), adenine, 2-methyladenine (35), and benzimidazole (33) , as well as a cobamide called norcobalamin, which differs from Cbl in that it lacks the methyl group at C176 in the loop connecting the lower ligand to the corrin ring (64) . A cobamide auxotroph of the closely related bacterium E. coli grows in the presence of cobamides containing an even larger variety of lower ligands (15, 44) , suggesting that the identity of the lower ligand is relatively unimportant to enteric bacteria. Therefore, while we were unable to rule out the possibility that R. sphaeroides synthesized a cobamide which could not be detected by our S. Typhimurium bioassay, we consider this unlikely. The growth rate of strain JE8248 was directly proportional to the concentration of cobamide in the medium (Fig. 2) . We used the growth rate of strain JE8248 in medium supplemented with fractionated R. sphaeroides extracts to calculate the amount of cobamide present in each fraction. Growth rate was normalized to CFU to estimate the number of molecules of cobamide synthesized per cell under each growth condition tested. Figure 3A shows the profile of cobamides extracted from R. sphaeroides grown aerobically on 30 mM succinate. Most of the cyano derivatives of cobamides detected were associated with a broad peak eluting between 28 and 32 min. This elution profile was consistent with the one obtained with authentic CNCbl (Fig. 3F, black trace and bars) . Figure 3B shows the profile of cobamides extracted from R. sphaeroides grown photoheterotrophically on 30 mM succinate. Figure 3C is an expanded view of Fig. 3B , showing the cobamides detected in fractions eluting between 20 and 26 min. Using the abovementioned bioassay, we calculated that succinate-grown R. sphaeroides 2.4.1 synthesized approximately 3,000 molecules of cobamide per cell under either aerobic or low-oxygen photosynthetic conditions. In contrast, acetate-grown R. sphaeroides 2.4.1 synthesized approximately 17,000 molecules of cobamide per cell under aerobic conditions (Fig.  3D ) and approximately 7,000 molecules of cobamide per cell under low-oxygen photosynthetic conditions (Fig. 3E) .
Previously reported work indicated that aerobically grown R. sphaeroides synthesized both Cbl and pseudoCbl (30) . Cbl and pseudoCbl are cobamides that differ in the identity of the lower ligand; in Cbl, the lower ligand base is DMB, while in pseudoCbl it is adenine (46). Our bioassay was able to detect both Cbl and pseudoCbl and discriminated between them on the basis of their HPLC elution times (Fig. 3F) . PseudoCbl eluted as a sharp peak, detectable by the growth of JE8248 on the fraction collected between 24 and 26 min. We did not detect the formation of pseudoCbl during the aerobic growth of R. sphaeroides 2.4.1 on succinate or during photosynthetic growth on acetate. Approximately 45 molecules per cell of cobamide consistent in elution time with pseudoCbl were detected during aerobic growth on acetate (Fig. 3D) . Approximately 12 molecules per cell of cobamide consistent in elution time with pseudoCbl and 16 molecules per cell of unidentified earlier-eluting cobamides were detected during photosynthetic growth on succinate (Fig. 3C) . No cobamides eluting between 20 and 24 min were detected under any other growth condition tested.
Notably, the genome of R. sphaeroides 2.4.1 encodes a homolog of the BluB DMB synthase known to catalyze the O 2 -dependent synthesis of DMB (see Fig. S1 and (28, 53) . This observation, together with the data shown in Fig. 3 , led us to conclude that, under the conditions tested, the bulk of the cobamides synthesized by R. sphaeroides 2.4.1 are Cbl. Due to the conversion of cobamides to their cyano forms for analysis, we were unable to determine the identities of the upper ligands of the Cbl produced by R. sphaeroides, although the presence of orthologs of the CobO and PduO corrinoid adenosyltransferases (18, 32) in this organism (see Fig. S1 and Table S2 in the supplemental material) suggests that at least some was AdoCbl. The photosynthetic growth conditions used, while oxygen limited, were not strictly anoxic, and we presume that the small amounts of oxygen present allowed the activity of the BluB DMB synthase, permitting Cbl synthesis under these conditions. The reduction of cobamide synthesis by acetate-grown cells under photosynthetic conditions relative to aerobic conditions ( Fig. 3D and E ) may therefore be due to oxygen limitation. Experiments are currently under way to test these ideas.
An R. sphaeroides strain that cannot synthesize the corrin ring cannot grow on acetate. To test corrin-salvaging phenotypes in R. sphaeroides, we constructed strain JE10754, which harbored an in-frame deletion of the cobB gene, which putatively encodes hydrogenobyrinic acid a,c-diamide synthase, an enzyme required for de novo corrin ring biosynthesis (56). Recent work by others has shown that the growth of R. sphaeroides on acetate proceeds via a pathway that involves two AdoCbl-dependent enzymes, namely, ethylmalonyl-coenzyme A (CoA) mutase and methylmalonyl-CoA mutase (1, 22, 23, 63) . Therefore, we predicted that a strain unable to synthesize AdoCbl would not grow on acetate. Unlike the wild-type strain, JE10754 (⌬cobB), which could not synthesize the corrin ring de novo, failed to grow on acetate in the absence of exogenous corrinoids. Under the conditions used, the wild-type strain grew to a maximal optical density at 650 nm (OD 650 ) of 0.59, with an exponential-phase growth rate of 0.04 ⌬OD 650 h Ϫ1 . JE10754 grew as well as the wild-type if (CN) 2 Cby, (CN) 2 Cbi, or CNCbl (for structures see Fig. 1 ) was present in the medium, to maximal OD 650 values of 0.65, 0.64, and 0.55, respectively, and with an exponentialphase growth rate of 0.04 ⌬OD 650 h Ϫ1 in all cases. These results demonstrated the ability of R. sphaeroides to salvage corrinoids from its environment and the need for Cbl during growth on acetate. The growth of JE10754 with succinate as a carbon source was comparable to that of the wild type on the first passage in corrinoid-free medium, but this strain was unable to grow on succinate after further passages into media lacking exogenous corrinoids (data not shown). This suggested that low levels of cobamides were required for the growth of R. sphaeroides on succinate and indicated that ethylmalonyl-CoA mutase and methylmalonyl-CoA mutase were not the only cobamide-requiring enzymes in R. sphaeroides.
A strain that lacks cobinamide amidohydrolase (AP forming, CbiZ) and cobinamide kinase/cobinamide-phosphate guanylyltransferase (CobP) activities cannot salvage cobinamide. Before examining the roles of CbiZ-and CobP-dependent Cbi salvaging in R. sphaeroides, we needed to confirm that these were the only two pathways for Cbi salvaging in this organism. Therefore, we constructed a triple mutant containing in-frame deletions of both cobP and cbiZ in a ⌬cobB strain. The resulting strain, JE10756 (⌬cobB ⌬cbiZ ⌬cobP), grew on acetate in the presence of CNCbl but not when (CN) 2 Cby or (CN) 2 Cbi substituted for CNCbl (Fig. 4, solid triangles) . The inability of JE10756 to grow on (CN) 2 Cby was predicted to be due to the loss of CobP and its associated AdoCbi-P guanylyltransferase activity. Supporting this idea, growth on (CN) 2 Cby, but not on (CN) 2 Cbi, was restored by the ectopic expression of the Methanosarcina mazei cobY ϩ gene, which encodes AdoCbi-P guanylyltransferase (Fig. 4, open triangles) (54, 58) . These results indicated that cobP and cbiZ encoded the only Cbi-salvaging functions in R. sphaeroides. The inability of strain JE10785 (⌬cobB ⌬cobP ⌬cbiZ pcobY ϩ ) to salvage Cbi indicated that CobP was the only enzyme with significant Cbi kinase activity in R. sphaeroides; no growth of strain JE10785 was observed even after 48 h of incubation (data not shown). The S. Typhimurium YcfN thiamine kinase has Cbi kinase activity (43), but a bioinformatic analysis of the R. sphaeroides 2.4.1 genome did not reveal homologs of YcfN.
The CbiZ-dependent cobinamide salvaging system can function independently from CobP but requires AdoCbi-P synthetase (CobD) activity. Knowing that the only pathways for Cbi salvaging in R. sphaeroides were either CbiZ or CobP dependent (Fig. 4) , we next wanted to determine if these two systems could function independently in vivo. To test whether the archaeal-type CbiZ-dependent Cbi salvaging system of R. sphaeroides could function in the absence of CobP, we constructed strain JE11902, which harbored chromosomal deletions of cobB and cobP. As expected (Fig. 1) , strain JE11902, which lacked AdoCbi-P guanylyltransferase activity, was unable to grow on acetate in the presence of either (CN) 2 Cby or (CN) 2 Cbi (Fig. 5, open squares) . To overcome this difficulty, 
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we constructed strain JE11903, which harbored chromosomal deletions of cobB and cobP, as well as plasmid pCOBY47 cobY ϩ . Strain JE11903, which carried the wild-type allele of cbiZ, grew on acetate in the presence of (CN) 2 Cby or (CN) 2 Cbi (Fig. 5, solid triangles) , suggesting that, similarly to Cbi salvaging in archaea, the entry point of Cbi into the pathway was AdoCbi-P synthetase (58, 62) . To test this idea, we constructed strain JE11844, which harbored chromosomal deletions of cobB and cobP, the cobY ϩ plasmid pCOBY47, and an in-frame deletion of the cobD gene, which we predicted would encode the AdoCbi-P synthetase enzyme in R. sphaeroides. The identity of the R. sphaeroides cobD gene product as AdoCbi-P synthase was confirmed by the complementation of (CN) 2 Cby salvaging with this gene in an S. Typhimurium strain lacking AdoCbi-P synthase activity (see Fig. S2 in the supplemental material). As expected, the deletion of cobD abolished the ability of the ⌬cobB ⌬cobP pcobY ϩ strain to salvage both (CN) 2 Cby and (CN) 2 Cbi (Fig. 5, open circles) . These results showed that R. sphaeroides could salvage Cbi in the absence of CobP by using CbiZ to cleave Cbi to Cby (Fig. 1) .
The cobP-dependent cobinamide salvaging system does not require AdoCbi-P synthetase activity. To test whether the bacterial-type cobP-dependent Cbi salvaging system of R. sphaeroides could function in the absence of cbiZ, we constructed strain JE10755, which contained in-frame deletions of both cobB and cbiZ. JE10755, which contained a wild-type allele of cobP, grew on acetate in the presence of (CN) 2 Cby, (CN) 2 Cbi, or CNCbl (Fig. 6, solid diamonds) . To confirm that the observed growth on (CN) 2 Cbi was due to the Cbi kinase activity of CobP (10, 29), we constructed strain JE11769, which contained in-frame deletions of cobB and cbiZ and in which cobD was replaced with the aadA spectinomycin resistance gene. As expected (Fig. 1) , the loss of cobD abolished the ability of the ⌬cobB ⌬cbiZ strain to salvage (CN) 2 Cby but did not affect (CN) 2 Cbi salvaging (Fig. 6, open circles) . These results showed that R. sphaeroides could salvage Cbi in the absence of CbiZ by using the Cbi kinase activity of CobP.
Cobinamide salvaging does not proceed obligately by the cbiZ-dependent pathway in a cbiZ ؉ strain. In R. sphaeroides, the cbiZ gene is found in a locus with genes encoding predicted homologs of the BtuBFCD corrinoid-specific ABC transport system (see Fig. S1 in the supplemental material) (12, 31) . It is possible that, in R. sphaeroides, the CbiZ enzyme associates with the BtuCD inner-membrane proteins to ensure the efficient cleavage of Cbi to Cby as it enters the cell. If this were the case, we predicted that Cbi salvaging might always proceed via the CbiZ-dependent pathway in a strain carrying a wild-type allele of cbiZ. To test this hypothesis, we constructed strain JE10966, which contained in-frame deletions of both cobB and cobD. As expected, JE10966 did not grow on acetate in the presence of Cby (data not shown). However, in the presence of (CN) 2 Cbi, JE10966 grew to a maximal OD 650 of 0.61 at an exponential-phase growth rate of 0.04 ⌬OD 650 hour Ϫ1 . The growth of JE10966 on (CN) 2 Cbi indicated that Cbi salvaging proceeded via the cobP-dependent pathway and that not all Cbi entering the cell was cleaved to Cby by CbiZ. Further experiments will be required to determine the relative flux of Cbi through each salvaging pathway.
What is the physiological role of CbiZ in R. sphaeroides? CbiZ is required for Cbi salvaging in archaea (58, 62) , but our results (Fig. 6) showed that CobP is sufficient for Cbi salvaging in R. sphaeroides. What, then, is the physiological role of CbiZ in this organism, and in other bacteria whose genomes contain homologues of both CobP and CbiZ (29) ?
The CbiZ homologue of the archaeon Methanopyrus kandleri has significant Cbl amidohydrolase activity (59) , demonstrating that CbiZ enzymes are not limited to removing the aminopropanol group of Cbi but can also remove the lower ligand from cobamides, converting them to Cby. Natural cobamides exist with a wide variety of lower ligands (46) , and the activity of some cobamide-dependent enzymes depends on the identity of the lower ligand (5, 36) . Our data show that Cbl is preferentially synthesized by R. sphaeroides (Fig. 3) .
In vitro, the R. sphaeroides CbiZ enzyme uses Cbl as a substrate, albeit poorly (29) , but it has not been tested with any other cobamide (e.g., pseudoCbl).
We speculate that one or more of the cobamide-dependent enzymes of R. sphaeroides may require a DMB lower ligand for activity and that the role of CbiZ in this organism may be to cleave the lower ligand from non-Cbl cobamides found in the environment, so they can be converted into Cbl.
There are several reported or predicted cobamide-dependent enzymes in R. sphaeroides, including the ethylmalonyl-CoA and methylmalonyl-CoA mutases required for growth on acetate (MeaA, locus tag RSP_0961; McmA, locus tag RSP_2192, respectively) (1, 22, 23) , methionine synthase (MetH, locus tag RSP_3346) (16) , glutamate mutase (40) (the genome of R. sphaeroides 2.4.1 does not encode a homolog of known forms of this enzyme), class II ribonucleotide reductase (NrdJ; locus tag RSP_2495), and Mg-protoporphyrin monomethyl ester cyclase (BchE, locus tag RSP_0281) (27) . One or more of these enzymes may require Cbl. If this hypothesis of the physiological role of CbiZ were correct, the R. sphaeroides CbiZ might be significantly 
